Dual pH-dependent fluorescence peaks from a semiconductor quantum dot (QD) and a pH-dependent fluorescent dye can be measured by irradiating with a single wavelength light, and the pH can be estimated from the ratio of the fluorescent intensity of the two peaks. In this work, ratiometric pH sensing was achieved in an aqueous environment by a fluorescent CdSe/ZnS QD appended with a pH-sensitive organic dye, based on fluorescence resonance energy transfer (FRET). By functionalizing the CdSe/ZnS QD with 5-(and 6)-carboxynaphthofluorescein succinimidyl ester as a pH-dependent fluorescent dye, we succeeded in fabricating sensitive nanocomplexes with a linear response to a broad range of physiological pH levels (7.5 -9.5) when excited at 450 nm. We found that a purification process is important for increasing the high-fluorescence intensity ratio of a ratiometric fluorescence pH-sensor, and the fluorescence intensity ratio was improved up to 1.0 at pH 8.0 after the purification process to remove unreacted CdSe/ZnS QDs even though the fluorescence of the dye could not be observed without the purification process. The fluorescence intensity ratio corresponds to the fluorescence intensity of the dye, and this fluorescent dye exhibited pH-dependent fluorescence intensity changes. These facts indicate that the fluorescence intensity ratio linearly increased with increasing pH value of the buffer solution containing the QD and the dye. The FRET efficiencies changed from 0.3 (pH 7.5) to 6.2 (pH 9.5).
Introduction
Significant progress has been reported in optical imaging techniques because of their utility in biological, medical, and clinical applications. [1] [2] [3] [4] Particularly, fluorescence-imaging methods are exceptional in terms of sensitivity, specificity, resolution, and ease of use. Recently, there have been many studies on the synthesis of fluorescent materials for applications related to several imaging method. In the reported fluorescent materials, fluorescent semiconductor nanocrystals, or quantum dots (QDs), are attractive materials for a wide range of applications because of their tunable and stable optical properties originating from quantum confinement effects. [5] [6] [7] [8] Many previous papers demonstrated that surface properties of QDs, such as atomic vacancies, local lattice mismatches, and dangling bonds, affect fluorescence characteristics. 9 However, overcoating the QDs with a wider bandgap semiconductor quantum shell (e.g., ZnS) increases the photostability of the core and the quantum yield. To exploit the advantageous aspects of QDs, various fluorescent sensors have been developed to address their biocompatibility for biological applications. [10] [11] [12] [13] [14] [15] [16] [17] [18] A most important advantage is that the QD can be dispersed in the water by functionalizing the surface. 19, 20 Simple but useful fluorescent sensors based on QDs in previous studies monitored changes in the pH through single peak emission changes that occurred by a photoinduced electron transfer (PET) mechanism. 21, 22 In this method, the adsorbed molecule around the QD quenched the fluorescence intensity through an electron-transfer process from QDs to molecules, and the pH-dependent fluorescence intensity change can be estimated owing to the pH-dependent electron-transfer process. However, measurement accuracy and long-term stability have not been satisfied for biological applications. On the other hand, fluorescence resonance energy transfer (FRET)-based ratiometric pH sensors based on organic dyes in combination with semiconductor QDs have been investigated to improve their quantification, sensitivity, and reproducibility in numerous settings. A ratiometric pH sensor can measure dual pHdependent fluorescence peaks by irradiating with a single wavelength light, and the pH can be estimated from the ratio of the fluorescent intensity of the two peaks.
However, implementing such a sensor remains difficult. [23] [24] [25] Furthermore, the emission of relatively longer visible wavelengths is required for functionality in complex biological environments to avoid interference from cellular autofluorescence. This is because the human skin absorbs short wavelength light of less than 600 nm, and thus a longer excitation wavelength is necessary for optical imaging applications for human bodies. 26, 27 Excellent stability of biosensors is another requirement for live cell observations. Therefore, several types of FRET-based ratiometric pH sensors with semiconductor QDs and fluorescent organic dyes have been utilized despite the inherent difficulties. 28, 29 Even though there are some well-organized pH sensors excited by ultraviolet (UV) light, such excitation must be excluded owing not only to the cellular damage induced by UV light, but also the precise measurements under the physiological conditions mentioned above. To the best of our knowledge, fluorescent pH sensors that satisfy such prerequisite specifications have not yet been reported.
We designed a FRET-based ratiometric pH sensor by combining a CdSe/ZnS QD with a pH-sensitive dye, 5-(and 6)-carboxynaphthofluorescein succinimidyl ester. We expected that the spectral overlap of the dye (emission maximum at 670 nm, excited at 600 nm) with the CdSe/ZnS QD (emission maximum at 605 nm, excited at 450 nm) would result in a pH-dependent fluorescent complex with dual emission peaks upon single wavelength excitation, where FRET occurs between the QD and the dye, as the combined fluorescent substances might satisfy the conditions for Förster resonance energy transfer. The fluorescence intensity ratio at a constant excitation of the donor molecules (QDs) is expected to change along with the pH because the dye's molar extinction coefficient is dependent upon the pH. Because the response would occur over a broad pH range, the complex could provide pH-dependent ratiometric sensing devices with wide dynamic range. Accordingly, these FRET-based ratiometric pH sensors are expected to be suitable non-invasive biological imaging tools to monitor intracellular pH changes. The combination of the CdSe/ZnS QD and the pH-sensitive dye is a nearly identical to that described in a previous paper, 29 but a main originality of this research is the purification process during the synthesis of the FRET-based ratiometric pH sensor. Unreacted raw materials affect fluorescence spectra of the pH sensor owing to the unexpected chemical reaction between the CdSe/ZnS QD and the dye. Therefore, a purification process for raw materials has been required for fluorescence ratiometric sensors. A highfluorescence intensity ratio, required for biological sensors, can be obtained by removing unreacted raw materials. As a result, dual fluorescence peaks were observed by removing unreacted CdSe/ZnS QDs, and a high fluorescence intensity ratio was achieved after the purification process.
In the research presented herein, we concentrated on the sensitivity and dynamic range of the complex as a FRET-based ratiometric pH sensor with an excitation wavelength of 450 nm. Especially, we investigated the large dynamic range and the linearly relationship between pH value and the increase in fluorescence intensity ratio in alkaline conditions for the FRET-based fluorescent sensor with the CdSe QD and the fluorescent dye.
Experimental
A schematic illustration of the FRET-based ratiometric pH sensor is shown in Fig. 1 . We used PEGylated CdSe/ZnS QDs functionalized with amine (Amino(PEG) QDs), which was purchased from Life Technologies (Qdot ® 655 ITK TM ). At first, the buffer containing QDs (50 mM borate, pH 8.3) was exchanged with borate buffer (PBS, pH 8.5) using a gel filtration NICK column. We prepared 10 μL of an initial CdSe/ZnS QD aqueous solution (8 μM) for the buffer exchange. Then, 1 μL of NaOH (10N) and 10 μL of dye solution (10 mg/mL) were added into the recovered CdSe/ZnS QD solution. We used 5-(and 6)-carboxynaphthofluorescein succinimidyl ester (Life Technologies, C653) with the pH-dependent fluorescence intensity change in alkaline conditions as the above-mentioned dye. A schematic configuration of the separation method of unreacted raw materials, the CdSe/ZnS QD and the fluorescein derivative, is shown in Fig. 2 . The CdSe/ZnS aqueous solution (400 μL) and the borate buffer solution (100 μL) were mixed, and the resulting solution was passed though the NAP-5 column. As a result, the extracted solution was obtained. The abovementioned process was repeated five times, and the extracted solutions containing different ratios of the CdSe/ZnS QD and the fluorescein derivative (referred to column 1, 2, 3, 4, and 5) were obtained after the column separation process. The mixture was placed in a test tube and rotated for 12 h at room temperature to promote the conjugation reaction. Finally, the resulting solution was divided into five fractions and purified by a NAP-5 column equilibrated with borate buffer with adjusted pH values of 7.5, 8.0, 8.5, 9.0, and 9.5. The flow speeds of the CdSe/ZnS QD and the dye in the NAP-5 column were different from each other; therefore, the five divided fractions consisted of different numbers of conjugated dyes around the CdSe/ZnS QD. The fluorescence spectra of all the samples were examined with a spectrofluorometer using 1 mL in a 4-sided quartz cuvette with an excitation wavelength of 450 nm. We then calculated the fluorescence intensity ratio as the ratio of the donor and acceptor fluorescence peak intensities. The molar absorption coefficients were estimated with a double-beam ultravioletvisible spectrophotometer (JASCO, V-650), and the photoluminescence quantum yield (PL-QYs) values were measured with a luminance quantum efficiency measurement system (Systems Engineering Inc., QEMS-2000), which consisted of an integrated sphere and an UV LED with a peak wavelength of 375 nm as an excitation source. In addition, the fluorescence decay curves were measured with a pulse laser (with a 376 nm wavelength and a 70 ps pulse width) and a streak camera (with a 2 ps time-resolution; NAC, Optoscope-SC).
Results and Discussion
Figure 3(a) shows the molar absorption coefficients of the dye (5-(and 6)-carboxynaphthofluorescein succinimidyl ester) solutions with different pH values. Furthermore, Fig. 3(b) shows representative pH-dependent fluorescence spectra of the dye excited at 600 nm, corresponding to the absorption maxima of the dye shown in Fig. 3(a) . The absorption (~600 nm) and fluorescence maxima (~670 nm) of the dye were hardly affected by the pH. Figure 3(c) shows the influence of the pH on peak values of the molar absorption coefficient and the fluorescence intensity of the dye shown in Figs. 3(a) and 3(b) . The fluorescence intensity of the dye increased with increasing pH owing to the high molar absorption coefficient in alkaline conditions.
In general, fluorescein derivatives exhibit pH-dependent fluorescence due to the presence of phenyl and carboxylic groups, which may result in several different ionic states; only the fluorescein dianion and monoanion are efficient emitters. 29, 30 Ionization of these functional groups usually occurs in alkaline solutions. Therefore, the fluorescence intensity changes in response to pH as shown in Fig. 3(b) are understandable. These phenomena directed us to develop an alkaline-sensitive pH sensor through the combination of the CdSe/ZnS QD and the dye.
We also checked the pH dependence of the fluorescence spectra of the CdSe/ZnS QDs at an excitation of 450 nm and detected no considerable change in the pH range from 7.5 to 9.5 ( Fig. 4(a) ). Figure 4(b) shows the influence of pH on the quantum yield of the CdSe/ZnS QDs excited at 375 nm. Both the fluorescence intensity and the quantum yield fluctuated with a change in the pH owing to an experimental error. The fluorescence intensity of the dye increased gone 5 times due to a change in the pH as shown in Fig. 3(c) , but the fluctuation of the fluorescence intensity of the CdSe/ZnS QD was approximately ±10%. In addition, the fluorescence intensity change of the CdSe/ZnS QDs was almost same as that measured at 375 nm. These facts indicate that the pH-dependent fluorescence intensity change of the CdSe/ZnS QDs can be ignored to discuss the fluorescence peak intensities of the synthesized pH sensor. The fluorescence peak wavelength was approximately 600 nm, and it was almost the same as the absorption peak wavelength shown in Fig. 3(a) . These properties allowed the two species to act as donor (CdSe/ZnS QDs) and acceptor molecules (5-(and 6)-carboxynaphthofluorescein succinimidyl ester) in a FRET pair upon excitation at 450 nm. 31, 32 Here, we will show the experimental result of the separation technique using a gel filtration chromatography. In a previous paper, Jin et al. demonstrated that the efficient FRET process occurred after removing unreacted fluorescein molecules by using size-exclusion gel chromatography. 29 However, unreacted CdSe QDs should also be removed to discuss the FRET process from the CdSe/ZnS QD to the dye. Figure 5 shows fluorescence spectra of separated aqueous solution (pH 8.0) containing the CdSe/ZnS QD and the dye (columns 3, 4, and 5); and they were measured at the excitation wavelength of 450 nm. Since the dye cannot be excited at 450 nm, the fluorescence peak at 670 nm was caused by the FRET process though the CdSe/ZnS QDs. The excess CdSe/ZnS QDs in column-3 generated high fluorescence at 605 nm, but a part of the fluorescence intensity did not affect the FRET process from the CdSe/ZnS QDs to the dye. As a result, the fluorescence intensity ratio was calculated as 0.38. This is because unreacted CdSe/ZnS QDs were contained in the separated aqueous solution (column-3). On other hand, almost the same fluorescence spectra were obtained for columns 4 and 5. The fluorescence intensity ratios of these samples were 1.0 even though the fluorescence peak of the dye could not be observed without the purification process. Since the fast flow speed of the CdSe/ZnS QDs is faster than that of the dye in the NAP-5 column, this result indicates that the unreacted CdSe/ZnS QDs were removed after the separation method using the NAP-5 column. Many previous papers demonstrated similar types of pH sensors; 34, 35 however, this result indicates that this separation process is an important process to achieve the correct fluorescence spectrum of the reacted CdSe/ZnS QDs-dye.
We then showed the pH-dependence of fluorescence spectra of the CdSe/ZnS QDs-dye complex (column-4). Figure 6 shows the fluorescence spectra of CdSe/ZnS QDs-dye complexes with different pHs excited at 450 nm. The two fluorescence peaks show the same pattern at different pHs. However, we observed drastic intensity changes in the two fluorescence peaks upon changing the pH. The shorter wavelength (at 605 nm) and longer wavelength (at 660 nm) peaks coincided with the fluorescence peaks from the donor, CdSe/ZnS QD, and the acceptor dye, respectively. The fluorescence intensity of the donor was seen to decrease, and the fluorescence intensity of the acceptor increased with increasing pH. This phenomenon can be explained by the pH-dependence of the absorption coefficient change of the dye. The molar absorption coefficient of the dye increased with increasing pH, and this caused the efficient FRET process from the CdSe/ZnS QD to the dye to occur at high pH conditions. As a result, the relative fluorescence intensity of the dye (at 660 nm) increased with increasing pH as shown in Fig. 6 . We then calculated the ratio of the donor and acceptor fluorescence peak intensities at different pHs as shown in Fig. 7 . The peak ratio represents the net FRET efficiencies and is a useful index of the complex as a pH sensor. The ratio greatly increased along with the pH in a linear fashion. The large increase in the peak ratio in response to the pH suggests that the fluorescence of the complex is very sensitive to pH. In addition to the distances and dipole orientations between the donor and acceptor molecules, the spectral overlap integral between the absorption spectrum of the acceptor dye and the fluorescence spectrum of the donor CdSe/ZnS QD is an important factor in determining the fluorescence intensity ratio. 28 Because we adjusted these conditions to make a complex that displays efficient FRET, the complex was capable of hypersensitive FRET-based, ratiometric pH sensing over a broad range of physiological conditions.
To confirm the complex efficacies, we performed further data processing and experiments. We estimated the Förster radii at each different pH using Eqs. (1) -(3) . We used the following equations and parameters to calculate the Förster radius (R0) and FRET efficiencies (E(R)):
where λ is the wavelength, εpH the pH-dependent molar absorption coefficient of the fluorescent dye, d(λ) the normalized fluorescence intensity of the donor (CdSe/ZnS QD), κ an orientation factor (we assumed a value of 2/3), Qd the quantum yield of the donor, n the refractive index of the medium, N Avogadro's number, and m the number of acceptor molecules per donor. 28 Here, εpH, d(λ), and Qd were determined from the experimental results in Figs. 3(a), 3(b) , and 4(b), respectively. The dependence of pH on R0 is shown in Fig. 8 . The slight elevations of R0 were observed at higher pH levels, implying enhanced FRET efficiencies at higher pH conditions. The overlap integral between the absorption spectrum of the dye and the fluorescence spectrum of the CdSe/ZnS QD increased with increasing pH value owing to the high molar absorption coefficient in alkaline conditions as shown in Fig. 3(a) . The fluorescence intensity ratio corresponds to the Förster radius. Therefore, the influence of pH on the fluorescence intensity ratio in Fig. 7 was caused by pH-sensitive characteristics of the dye connected around the CdSe/ZnS QD.
The time-resolved fluorescence lifetimes are sometimes used to confirm that the observed fluorescence intensity change was responsible for the FRET process from the CdSe/ZnS QD to the dye. 28, 36 We also measured the fluorescence lifetimes of the CdSe/ZnS QD donor and its complex with the dye. To investigate the energy transfer from the CdSe/ZnS QD to the fluorescent dye, we investigated the transient optical characteristics of the synthesized pH sensor. The time-resolved fluorescence decay curves of the CdSe/ZnS QD and the CdSe/ZnS QD conjugated with the fluorescent dye are shown in Fig. 9 . We estimated the fluorescence decay curve at the peak intensity of the CdSe/ZnS QDs only (at 605 nm) to investigated the fluorescence of CdSe/ZnS QDs. The vertical axis in Fig. 9 was calculated from the integrated fluorescence intensity of the CdSe/ZnS QD alone, and the change in the fluorescence decay curve indicates evidence of the FRET process. 37 The time-resolved fluorescence intensity was fitted to a single exponential curve, and coefficients of determination (R 2 ) of the fitting functions were 0.99 for both the CdSe/ZnS QD alone and Fig. 7 The relationship of the pH to the ratio of emission intensities at 605 and 660 nm. the CdSe/ZnS QD-dye complex. The fluorescence lifetimes of the CdSe/ZnS QD and the conjugated CdSe/ZnS QD were determined to be 15 and 2.9 ns, respectively. The fluorescence lifetime is estimated as the average times of a radiative carrier recombination process, and it is defined as the time in which the fluorescence intensity decays to 1/e of the intensity immediately following excitation. 33 Since the FRET has a shorter process time than the radiative carrier recombination process in the semiconductor QDs, the shorter fluorescence lifetime of CdSe/ ZnS-dye in Fig. 9 confirms the energy transfer from the donor to the acceptor molecules. Therefore, we can conclude that the observed change in fluorescence spectra of the synthesized pH sensor was caused by the FRET process between the CdSe/ZnS QD and the dye.
Conclusions
In conclusion, we have successfully constructed a FRET-based pH sensor using a CdSe/ZnS QD conjugated with a pH-dependent dye under physiological alkaline conditions. The most important originari finding of this study is that the purification process of raw materials, the CdSe/ZnS QD and the dye, leads to a high fluorescence intensity ratio of the pH sensors. The flow speeds in the column of the CdSe/ZnS and the dye are different owing to their hydrophilicity. This pH sensor can be excited by visible blue light (450 nm) and emits at longer wavelengths (605 and 660 nm), which can be clearly distinguished from the autofluorescence from biomolecules. The ratio of emission intensities at 605 and 660 nm represents the apparent fluorescence intensity ratio and was dependent on the pH. The change in the fluorescence intensity ratio in response to changes in the pH was large, and a linear relationship was determined. Consequently, we conclude this pH sensor is feasible for use in bioimaging applications.
